Abstract -Future broadcasting to mobile services may consider satellite angle diversity to overcome fading propagation effects on the land mobile satellite (LMS) environment. For that reason, an experimental campaign for gathering relevant experimental data and improve angle diversity models has been carried out in the MILADY project. Its main focus is on the analysis of multi-satellite systems and the consolidation of narrowband channel models. The availability of existing satellite constellations permitted performing on-field propagation experiments. Two major measurement campaigns were carried out, one in the US using the S-DARS satellites from XM Sirius satellites and another one in Europe using GPS satellites. Results on data analysis and a preliminary model development have been performed.
I. INTRODUCTION
Satellite broadcast to mobile services are subject to signal fades due to multipath, shadowing and blockage which strongly depend on the user environment. With new powerful satellites, even handheld applications with very small antennas become feasible. In particular, the US-based Digital Audio Radio Systems (DARS, known as Sirius XM Radio) have gained significant commercial importance. Future systems for distribution of digital media (audio/video) to portable and mobile receivers will require system architectures and link/physical layers that are able to overcome propagation effects on the land mobile satellite (LMS) challenging environment. One of the typical mitigation techniques is based on diversity (time, space …).
To achieve a good quality of service, these systems already combine angle diversity technologies with time diversity/time interleaving. For mobile reception, angle diversity may be combined with other technologies. It is therefore worthwhile to analyze the performance gain resulting from angle diversity together with time interleaving. For selected scenarios time interleaving may not be applicable. Therefore, performances gain with and without time interleaving needs to be evaluated. This paper describes the activities performed during the MiLADY project [1] including preparation and implementation of experiments, data analysis, modeling and results. The MILADY project was carried out under contract of the European Space Agency in the frame of the ARTES-5 programme.
II. EXISTING LMS CHANNEL MODELS FOR ANGLE DIVERSITY
The Land Mobile Satellite (LMS) Channel using one satellite is commonly modeled as frequency non-selective fading described by a combination of statistical models and discrete state transitions obeying a first order Markov model [2] . For the multiple satellite case, this model approach is also applicable. In the multiple satellite case, the Markov transition matrix has to take into account all permutations of the state transitions of all satellites. A model for two satellites using two receive states was developed in [3] . The effect of fade correlation on systems using spatial and temporal diversity was studied in [4] . A more complex model based on dynamic Markov transition matrices can be found in [5] , [6] , [7] . In any case, these statistical models require a measurement data base with statistically meaningful receive environments (such as rural, suburban or urban area). The objective of MiLADY was to perform measurement campaigns to gather relevant datasets to improve modeling and understanding of satellite angle diversity.
III. MEASUREMENT CAMPAIGNS AND DATA PREPARATION
Two measurement campaigns were carried out within the MiLADY project:
• Satellite Digital Audio Radio Service (S-DARS) measurements in the United States relying on the two geostationary (GEO) satellites of XM Satellite Radio and three highly elliptical orbit (HEO) satellites of Sirius Satellite Radio (two in view at the same time) • Measurements in Europe using Global Positioning System (GPS) satellites in combination with a professional GPS receiver.
The first measurement campaign was performed all along the US East Coast in September 2008. The route ranging from Jacksonville, Florida to Portland, Maine covered a total distance of 3700 km with 75 hours of measuring time (cf. Fig. 1 ). On the travelled route, a large variety of environments were passed. Power levels of 4 satellites in view were recorded simultaneously, each of them with different azimuth and elevation angles. A block diagram of the measurement setup is depicted in Fig. 2 . For the purpose of documentation, two GPS receivers and two cameras were active in the measurement van ( Fig. 2) : A front camera behind the windscreen and a fisheye camera on the van's rooftop covering the upper hemisphere. An additional wheel sensor allowed the accurate transformation of power level time series into a series with equidistant sampling as used in known channel models from literature [2] , [10] , [11] . The high sampling rate of the power levels (2.1 kHz) allowed analyzing the slow fading, as well as the fast fading effects of the propagation channel. Before that however, several pre-processing steps were performed:
• Splitting of the recorded measurement files in chunks with quasi constant elevation and azimuth angles. The elevations are in a range from 23° to 83°.
• Environment classification based on the front view and roof top camera data and subsequent splitting of measured power level data in several bins with homogenous statistics (also called takes) • Analysis of S-DARS satellites handovers and sections affected by interference from terrestrial SDARS repeaters.
• Calibration and line-of-sight normalization.
The second measurement campaign carried out in summer 2009 was based on GPS field trials in the area of Erlangen in Germany. Results are limited in the quantized resolution of 1 dB of received signal intensity C/N0 and in the sampling rate, which is 20 Hz. However, due to a high number of satellites in view (at least 8), many satellite orientations were analyzed to obtain slow fading characteristics (e.g. identification of LOS and shadowing/blocked state).
The measurement setup for the second campaign in Erlangen, Germany used a Javad professional GPS receiver, a device as already used during the US campaign. The receiver estimates the received C/N0 of the L1 carrier at 1575.42 MHz from each received GPS satellite signal. The overall dynamic range of the C/N0 estimation was around 20 dB.
A route of 38 km in the area of Erlangen comprising several environments such as urban, suburban and rural was chosen and driven 10 times to get a sufficient amount of orbit positions for the analysis of different possible angle diversity constellations. An overview on the azimuth and elevation angles is shown in Fig. 3 . 
IV. DATA ANALYSIS RESULTS

A. S-DARS Data Analysis
Data analysis was carried out both for single satellite and dual satellite scenarios by means of first and second order statistics.
The propagation characteristic of the mobile satellite reception depends strongly on the environmental features close to the receiver. Therefore, a reliable identification of the current environment is necessary. Using the image material from the two cameras, the entire database was derived into five different classes of environments: urban, suburban, rural, commercial and highway. An accurate description of the given environment types can be found in [9] .
For studying the LMS channel characteristics of a single satellite, a further division of the signals into different elevation ranges of 10° was made. The resulting measurement length depending on the environment classification and elevation of the satellites is summarized in table I. After clustering the recorded data into bins with quasi equal receive conditions with respect to environment and elevation angle, first order statistics are derived from the carrier-to-noise ratio. [12] . A deviation between the curves can be seen for fading deeper than 5 dB below the LOS level. This may result from differences in the measurement location: the parameters of the DVB-SH reference model are based on measurements in UK. The azimuth angle of reception there was mainly 90° to the driving direction. Nevertheless, the 'MiLADY'-signals represent environments as can be found in the USA, some of them are representative of a European case, and includes azimuth angles between 0° and 360°.
To characterize the environment, the required fade margin in order to provide certain signal availability can be extracted from the CDF. Assuming a signal availability of 90%, the required fade margin would be 9 dB for the 'MiLADY' database in the given example in Fig. 4 . Detailed analysis results on this statistical parameter for the single satellite reception were already published in [8] and [9] . Required fade margins for the different environment classes and elevation ranges as shown in table I were analyzed for different lengths of time interleaving.
A first evaluation of angle diversity in dual satellite scenarios was made assuming maximum-ratio-combining (MRC) between the two signals. The resulting gain consists of a power combining gain (due to the increased overall signal because of a second satellite) and a diversity gain due to fading reduction. Fig. 5 shows the CDFs of the normalized carrier-to-noise ratio of two single satellites 'XM Rock' and 'XM Roll' and the combined signal. The higher availability of 'XM Roll' is because of an approx. 15° higher elevation than 'XM Rock' over the entire measurement route. From, Fig. 5 an MRC gain of 4 dB can be extracted for a signal availability of 90% related to the satellite with the higher elevation. Note that the average power of the MRC signal is increased by 3 dB in case of a simple signal power addition. If we compare the single satellite system with the dual satellite system, both with the same transmission power, then the diversity gain for a signal availability of 90% is 1 dB in this example (Fig. 5,  dashed) . Analysis results for the dual satellite reception in terms of different environments and different interleaver lengths can be found in [9] .
B. GPS Data Analysis
The MiLADY activity aimed also to provide a model able to represent most azimuth-elevation angle separation combinations and even several satellites from a constellation. For this assessment of the effect of angle diversity on the first and second order statistics of the received multi-satellite signal, GPS measurement data from the Erlangen trials with simultaneously at least 8 satellites in view were analyzed. The 10 measurement drives on the same route at different daytimes summarized to around 70 different pairs of azimuth and elevation angles for the same location. Consequently, there are around 2400 combinations of these 70 "virtual" satellites assuming a dual satellite scenario. Each combination is characterized by a pair of elevation angles and an azimuth separation which is introduced as simplification instead of pairs of azimuth angles. Dual satellite statistics have been obtained as follows. First, the estimated C/N0 values for both satellites were combined assuming maximum ratio combining. Then, thresholds were placed. In case the signal is below the threshold the system is considered as unavailable (fading) otherwise as available. Several statistics have been computed of which only a limited set is presented here. The share of samples affected by fades longer or equal than X is derived. It is either possible to fix a given X and determine the corresponding share of samples or the other way round. We decided to fix the share of samples affected by fades of length X to 1/100 and to determine the corresponding fade length X in samples. The results are presented in Fig. 6 . This case studies the impact of the azimuth separation in a rural environment, where both satellites had an elevation angle between 30° and 40 °. As it is visible, the best results can be obtained for azimuth separation between 50° and 150°, what is not surprising. However, it should be also noted that azimuth separations of 180° may be also beneficial. Let's take the case of a road with trees on one side which block one satellite, but not its counterpart. Further investigation showed that by defining the correlation coefficient as the covariance between two discrete sample series with 0 for the signal being below a threshold and to 1 otherwise, a good match to Fig. 6 can be found. In other words, the fade length X can be approximated by the correlation coefficient. This is in particular interesting from the modeling point of view, since the knowledge of the correlation coefficient allows transforming two single satellite channel models into a dual satellite channel model [3] . 
V. PRELIMINARY CHANNEL MODEL
Following the baseline of existing reference LMS single satellite models, a Markov chain with three different states was used in order to describe slow fading events. The type of fast fading within the states was assumed to be Suzuki in blockage, Loo in shadowing and Rice in line-of-sight (LOS). The probability density function of the power received 'x' in each state is:
-Blockage: Table II provides the mean values of the parameters for all environments and elevation ranging from 30° to 50° (a subset of the total range of elevation angles). The parameters provided in the table are in accordance with well established models in [3] and [11] .
For the multi-satellite modeling the state series of two out of the four available satellites for a given measurement route were combined. In order to reduce the parameter set required to describe the joint Markov chain a new modeling approach called master-slave concept was introduced. The master slave concept allows to take into account the correlation of the large scale fading effects in an efficient way and to compare the model parameter with single satellite models. Both satellites are described by conventional state based single satellite model and fast-fading can be simulated on top. However, the state transition probability matrix of the slave satellite changes with the state of the master satellite. This is because depending on the elevation and azimuth separation between the master and slave satellite, both can show similar, opposite or totally uncorrelated behavior. The conditional probability of the state transition of the slave satellite takes into account the correlation between the satellites. The master-slave concept allows also extending the model to more than two satellites.
VI. CONCLUSIONS
The two measurement campaigns carried out within the MiLADY project allowed to build an extensive database of measurement data. The database has been used for a detailed link layer analysis and channel modeling of single and dual satellite systems for the special case of the S-DARS system in the US. Initial analysis of the correlation between different GPS satellite signals was performed with the purpose to extend the multi-satellite model to more generally distributed orbit positions.
Topic for future research is the extension of the current channel model. On one hand, the recorded GPS data allow to evaluate the correlation between satellites at various spatial separations, so the model can be extended to multi-satellite constellations. On the other hand, the introduction of adaptive state transition matrices will help to improve the accuracy of the model especially in urban environment.
Another subject of future work is to analyze antenna effects and the impact on the channel model parameters. Modeling the antenna effects helps to separate them from propagation effects.
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